Infection with many mammalian orthoreovirus (MRV) strains results in shutoff of host, but not viral, protein synthesis via protein kinase R (PKR) activation and phosphorylation of translation initiation factor eIF2␣. Following inhibition of protein synthesis, cellular mRNAs localize to discrete structures in the cytoplasm called stress granules (SGs), where they are held in a translationally inactive state. We examined MRV-infected cells to characterize SG formation in response to MRV infection. We found that SGs formed at early times following infection (2 to 6 h postinfection) in a manner dependent on phosphorylation of eIF2␣. MRV induced SG formation in all four eIF2␣ kinase knockout cell lines, suggesting that at least two kinases are involved in induction of SGs. Inhibitors of MRV disassembly prevented MRV-induced SG formation, indicating that viral uncoating is a required step for SG formation. Neither inactivation of MRV virions by UV light nor treatment of MRV-infected cells with the translational inhibitor puromycin prevented SG formation, suggesting that viral transcription and translation are not required for SG formation. Viral cores were found to colocalize with SGs; however, cores from UV-inactivated virions did not associate with SGs, suggesting that viral core particles are recruited into SGs in a process that requires the synthesis of viral mRNA. These results demonstrate that MRV particles induce SGs in a step following viral disassembly but preceding viral mRNA transcription and that core particles are themselves recruited to SGs, suggesting that the cellular stress response may play a role in the MRV replication cycle.
The nonfusogenic mammalian orthoreovirus (MRV) is a member of the Reoviridae family of segmented doublestranded RNA (dsRNA) viruses. The genome of MRV consists of 10 segments of dsRNA contained within a nonenveloped, multilayered protein capsid. During entry into cells, the outermost MRV capsid layer is removed by endosomal proteases, creating intermediate subvirion particles (ISVPs) . ISVPs undergo an additional conformational change, resulting in a particle (ISVP*) that is capable of penetration of the endosomal membrane. Coincident with cellular membrane disruption, the inner capsid, or core, is released into the cytoplasm (11). The core particle, which contains the viral polymerase, guanylyltransferase, and methyltransferase enzyme activities, transcribes mRNAs corresponding to each of the 10 viral genes in the cytoplasm (14, 20) . MRV mRNAs are different from cellular mRNAs in that they do not contain a 3Ј poly(A) tail but do have an m 7 GpppN cap structure on their 5Ј end (6) . As infection proceeds, distinct viral structures, termed viral factories (VFs), form in the cytoplasm primarily through the action of the nonstructural protein NS, which constitutes the structural matrix of the factories (8, 10) . Core particles, viral proteins, newly synthesized viral mRNA, and dsRNA are localized within VFs, suggesting that transcription, replication, and assembly of progeny viral core particles occur within these structures (7, 8, 10, 35, 36) .
Infection with MRV has been shown to induce phosphorylation of the ␣ subunit of the translation initiation factor eIF2 (39, 45, 47, 55) , a modification that inhibits host cell translation initiation by preventing the formation of the ternary complex (eIF2/GTP/tRNA i Met ) (reviewed in references 42 and 44) . In the case of MRV infection, phosphorylation of eIF2␣ is associated with the activation of protein kinase R (PKR) (55) . PKR activation and subsequent eIF2␣ phosphorylation, together with the interferon-regulated 2Ј,5Ј-oligoadenylate synthetase RNase L system, are necessary for MRV-induced host cell translation shutoff (48) . MRV mRNA continues to be translated following shutoff of host cell translation, although the mechanism for escape is not well understood. Moreover, studies have indicated that MRV replication may benefit from this aspect of the cellular response to infection by demonstrating that MRV replication is more efficient in the presence of PKR and phosphorylatable eIF2␣ (47) .
An additional level of cellular translation regulation has recently been identified. Treatment of cells with drugs that inhibit various aspects of protein translation (32, 38) or application of other external stresses (such as nutrient starvation, heat shock, oxidative stress, or viral infection) that lead to the phosphorylation of eIF2␣ by specific kinases (PKR, PKR-like endoplasmic reticulum kinase [PERK] , general control nonderepressible kinase [GCN] , or heme-regulated inhibitor kinase [HRI] ) is sufficient to trigger the formation of distinct structures in the cytoplasm termed stress granules (SGs) (reviewed in references 3 and 24) . SGs sequester stalled 43S preinitiation complexes (including 40S ribosomes, mRNAs, and many translation initiation factors) in a translationally inactive complex to hold non-stress-related cellular translation in check. Once the stress is removed, SGs are disassembled and the translational material is released for reuse (reviewed in reference 24) . The translational silencing proteins T-cell intracellular antigen 1 (TIA-1) and TIA-1 related protein (TIAR) play a role in SG aggregation. These proteins contain three N-terminal RNA recognition motifs and a C-terminal domain that resembles the aggregation domain of prion proteins (21) . The N terminus of TIA-1/TIAR presumably binds to mRNA through its RNA recognition domains and sequesters the mRNAs and associated translation initiation factors and small ribosomal subunits into SGs by auto-aggregation of the prionlike C-terminal prion-related domain of TIA-1/TIAR (reviewed in reference 3). Additional proteins, including Ras-GAP SH3 domain binding protein (G3BP) (51) , tristetraprolin (TTP), fragile X mental retardation-related protein (FMRP), and many others, have been implicated in SG formation (reviewed in reference 1).
Many viruses alter the normal course of SG induction during their replication cycle. For poliovirus, viral infection induces transient SG formation at an early phase of infection (2 to 6 h postinfection [p.i.]) and later disrupts SGs by cleaving SG component G3BP with poliovirus 3C proteinase (54) . Semliki Forest virus infection results in the shutoff of host protein synthesis largely due to activation of the cellular stress response via phosphorylation of eIF2␣. Semliki Forest virus infection also induces transient SG formation during the early phase of infection (2 to 5 h p.i.). Later, SGs are dispersed by an unknown mechanism (34) . West Nile virus disrupts SG formation by utilizing SG effecter proteins TIA-1 and TIAR during RNA replication within viral replication complexes (17) . A previous study reported that MRV infection induces SGs in a strainspecific manner at late times p.i. (19.5 h p.i) that correlates with the extent of host translation shutoff and eIF2␣ phosphorylation (47) . Whether SGs are hurdles that must be overcome during viral translation has not yet been fully determined.
In this study, we found that cells infected with MRV transiently form SGs at an early phase of infection (2 to 6 h. p. i.), which dissociate as infection progresses. eIF2␣ phosphorylation was found to be necessary for MRV induction of SGs; however, a single eIF2␣ kinase necessary for this phosphorylation was not identified. Utilizing known pharmaceutical inhibitors of virus disassembly and translation as well as UVinactivated virus, we identified the steps in the viral life cycle that are necessary or dispensable for SG induction. Finally, we show that MRV core particles are recruited to SGs in a manner that depends on synthesis of viral mRNA.
MATERIALS AND METHODS
Cells and reagents. CV-1 (African green monkey kidney fibroblast), HeLa (human cervical cancer cell), mouse embryonic fibroblast (MEF), PKR
, and MEF S51A/S51A cells were maintained in Dulbecco's modified essential medium (Invitrogen) containing 10% fetal calf serum (Atlanta Biologicals) and penicillin-streptomycin (100 IU/ml) (Mediatech). DU-145 cells were maintained in Eagle's modified essential medium (Invitrogen) containing 10% fetal calf serum (Atlanta Biologicals) and penicillin-streptomycin (100 IU/ml). Spinner-adapted L929 cells were maintained in Joklik's minimal essential medium (Sigma-Aldrich) containing 2% fetal calf serum, 2% fetal bovine serum (HyClone Laboratories), 2 mM L-glutamine (Mediatech), and penicillin-streptomycin (100 IU/ml) (Mediatech). The primary antibodies used in immunofluorescence and immunoblotting assays were as follows: goat polyclonal anti-TIA-1 antibodies (sc-1751), goat polyclonal anti-TIAR antibodies (sc-1749) (Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-eIF2␣ antibodies (A300-721A), rabbit polyclonal anti-eIF3 antibodies (A300-376A) (Bethyl Laboratories), rabbit polyclonal anti-eIF4G antibodies (no. 2498), rabbit polyclonal anti-eIF4E antibodies (no. 9742), and rabbit polyclonal anti-phospho-eIF2␣ (Ser51) antibodies (no. 9721) (Cell Signaling Technologies). Mouse monoclonal antibody (7F4) against MRV structural protein 2, rabbit polyclonal anti-NS antiserum, and rabbit polyclonal anti-MRV core antiserum have previously been described (9, 53) . Rabbit antiserum against DCP1a has been described (26) . The secondary antibodies used in immunofluorescence and immunoblotting experiments were as follows: Alexa 488-or Alexa 594-conjugated donkey anti-mouse immunoglobulin G (IgG) antibodies, Alexa 488-conjugated donkey anti-goat IgG antibodies, Alexa 350-or Alexa 594-conjugated donkey anti-rabbit IgG antibodies (Invitrogen), and horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (Invitrogen). Sodium arsenite (SA) (Sigma-Aldrich) was used at a final concentration of 0.5 mM. E-64 (Roche) was used at a final concentration of 2 mM. Ammonium chloride (NH 4 Cl) was used at a final concentration of 2 mM. Puromycin (Invivogen) was used at final concentration of 0.1 mg/ml.
Virions and ISVPs. MRV stocks (T1L, T2J, and T3D C ) were obtained from Max Nibert (Harvard Medical School, Boston, MA). The superscript C in T3D C is used to differentiate the T3D strain used in this study from a T3D strain (T3D N ) that has previously been shown to differ in M1 gene sequence, factory morphology, and 2 ubiquitination phenotype (37, 43) . Purified virions were prepared as described previously (12) and stored in virion buffer (150 mM NaCl, 10 mM Tris [pH 7.4], 10 mM MgCl 2 ) at 4°C. ISVPs were prepared as previously described (12, 41) . Titers of purified virus were determined by a standard MRV plaque assay using L929 cells (19) . UV light-inactivated virions were prepared as follows. MRV virions were diluted in virion buffer to give a final titer (5.0 ϫ 10 9 PFU/ml), 0.9 ml/well, in six-well cell culture plates. The viral solution was exposed to UV light with an intensity of 1.0 J/cm 2 . The resulting virions were shown to retain viral entry by an immunofluorescence assay and additionally confirmed to be completely deficient in virus replication by a plaque assay.
Infection. Cells (1.0 ϫ 10 5 or 2.0 ϫ10
5
) were seeded onto 12-well cell culture plates or 35-mm cell culture dishes the day before infection. Cells were infected with MRV virions, ISVPs, or UV-inactivated virions at 10, 100, or 1,000 PFU/cell as indicated for each experiment. Viral particles were diluted in phosphatebuffered saline (PBS) (137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 [pH 7.5]) containing 2 mM MgCl 2 and adsorbed to cells for 1 h, at which point cells were overlaid with Dulbecco's modified essential medium and incubated at 37°C until harvested.
Immunofluorescence assay. Cells were seeded on six-well (9.6-cm 2 ) dishes containing 18-mm-diameter coverslips at a density of 2 ϫ 10 5 cells/well and then incubated overnight at 37°C. At the indicated times p.i., cells were fixed at room temperature for 10 min with 2% paraformaldehyde in PBS and then washed three times with PBS. Fixed cells were permeabilized by incubation with 0.2% Triton X-100 in PBS for 5 min and then washed three times with PBS. Samples were blocked for 10 min with 2% bovine serum albumin in PBS. Primary and secondary antibodies were diluted in 2% bovine serum albumin in PBS. After being blocked, cells were incubated for 1 h with primary antibody, washed three times with PBS, and then incubated for an additional hour with secondary antibody. Immunostained cells were washed a final three times with PBS and mounted on slides with ProLong reagent with or without DAPI (4Ј,6-diamidino-2-phenylindole dihydrochloride) (Invitrogen). Immunostained samples were examined with a Zeiss Axiovert 200 inverted microscope equipped with fluorescence optics. Confocal images were taken with a Leica SP5 X confocal microscope. For each field selected, a total of 35 0.1-m serial sections were taken horizontally. Images were prepared using Photoshop and Illustrator software (Adobe Systems).
Immunoblotting assay. Cells (2.0 ϫ 10 5 ) were seeded on 35-mm dishes the day before infection and then infected with viable and UV light-inactivated MRV virions as indicated. Infected cells were harvested at different times p.i. and lysed with 100 l lysis buffer (200 mM Tris [pH 8.0], 137 mM NaCl, 10% glycerol, 1% NP-40). Protein concentrations for each sample were measured by EZQ protein quantitation reagent (Invitrogen), and equivalent amounts of protein from each sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to nitrocellulose by electroblotting in transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol [pH 8.3] ). Nitrocellulose containing transferred proteins was blocked for 15 min with 5% nonfat skim milk in Tris-buffered saline (20 mM Tris, 137 mM NaCl [pH 7.6]) containing 0.1% Tween-20 (TBS-T) and then incubated overnight with primary antibodies in TBS-T containing 1% milk. Blots were washed three times for 15 min each with TBS-T, followed by a 4-h incubation with HRP-conjugated secondary antibodies in TBS-T containing 1% milk. Blots were washed a final three times and exposed to Western Lightning Plus enhanced chemiluminescence substrate (Perkin Elmer). Images were collected using a ChemiDoc XRS camera (Bio-Rad), and protein bands were quantified using Quantity-One software (Bio-Rad). At least two independent experiments were performed, and the results for a representative experiment are shown.
SG quantification. Infected cells were immunostained at 2 or 4 h p.i. as indicated for each experiment. More than 10 fields were randomly chosen and counted, with at least 200 cells counted for each sample slide. MRV core-positive cells were recorded as infected cells, and SG-containing cells were counted from within the infected cell samples. The percentage of SG-containing cells in infected and uninfected cells was calculated, and Pearson's chi-square ( 2 ) test was applied to examine if there was a significant difference in SG formation between infected cells and noninfected cells. At least two independent experiments were performed, and the results for a representative experiment are shown.
RESULTS
MRV infection induces cytoplasmic structures containing SG marker proteins at early times p.i. A previous study found that infections with MRV strains c87, c8, and T3D induce SGs to differing degrees in the DU-145 prostate cancer cell line at late times p.i. (19.5 h p.i.) (47) . To further explore the ability of MRV to induce SGs, we infected HeLa, CV-1, MEF, and DU-145 cells with purified virions from MRV strains T1L, T2J, and T3D
C . Mock-infected cells and cells treated with the known SG inducer SA served as negative and positive controls (data not shown). SA induces SGs in 98% of treated cells through activation of HRI and phosphorylation of eIF2␣ (33) . Cells were infected with virus at 100 PFU/cell or 1,000 PFU/ cell and then examined throughout infection for cytoplasmic granules containing SG marker proteins by using immunofluorescence microscopy. At early times p.i. (2 to 6 h), we found increased numbers of T2J-and T3D
C -infected cells which contained cytoplasmic granules positive for the G3BP, TIA-1, or TIAR SG marker protein, compared to the level for mockinfected cells ( Fig. 1 and data not shown). We quantified the number of SG-containing cells obtained following T3D C virion infection (1,000 PFU/cell, 4 h p.i.). We found that 34.2% of infected HeLa cells, 21.0% of infected CV-1 cells, 35.6% of infected MEF cells, and 34.0% of infected DU-145 cells contained putative SGs but that no uninfected HeLa, CV-1, or DU-145 cells and only 0.4% of uninfected MEF cells contained putative SGs. Pearson's chi-square ( 2 ) test (P Ͻ 0.005) showed that infection of these four cell types with MRV T3D C virions at 1,000 PFU/cell induces SG formation in a significantly increased number of cells compared to the level for noninfected cells at early times p.i.
Unlike for T2J and T3D C virion-infected cells, we did not observe putative SGs in T1L virion-infected cells, even when the number of PFU/cell was increased to 10,000 (data not shown). We hypothesized that this was due to delayed entry of T1L virions into these cells on the basis of a large decrease in cells containing viral core particles at early times p.i. as measured by an immunofluorescence assay using antibodies specific for MRV core particles (data not shown). In order to clarify this, we repeated these experiments using T1L, T2J, and T3D C ISVPs, which are predicted to directly enter the cell through membrane penetration. Similar to our findings with T2J and T3D C virions, all T1L, T2J, and T3D C ISVPs induced cytoplasmic structures that stained with SG marker proteins in HeLa, CV-1, and MEF cells at early times p.i. (Fig. 2A and data not shown). This suggests that the inability of T1L virions to induce SGs is based on a deficiency in virus entry in these cell types. Furthermore, MRV ISVPs induce SGs in a dosedependent manner (Fig. 2B) , with the number of SG-positive cells increasing with the number of viral particles used to infect the cells. We found that at later times in virus infection (8 to 24 h p.i.), as viral protein translation increased and VFs became the prominent structures within the cytoplasm, SGs were no longer present in any tested cell type infected with 1, 10, 100, or 1,000 PFU/cell with T1L, T2J, or T3D C , unlike for a previous report that MRV induces SGs at late times p.i. (see Fig. 5B and 6, top right panel; data not shown) (47) .
MRV-induced SGs are structurally similar to SGs induced by eIF2␣ phosphorylation. Because there are a growing number of cytoplasmic structures that form in cells in response to different stresses (reviewed in reference 3), we further characterized SGs induced by MRV infection to determine if they contained components, such as translation initiation factors (eIF4G, eIF4E, and eIF3), that are characteristic of SGs in- duced by phosphorylation of eIF2␣ and other types of protein synthesis inhibition (25) . HeLa cells were infected with ISVPs (T1L, T2J, and T3D C ) or virions (T2J and T3D C ) with 1,000 PFU/cell. At 2 h p.i. or 4 h p.i., cells were fixed for three-color immunofluorescence using mouse antibody (7F4) against viral core protein 2 to visualize infected cells; goat antibodies against TIAR or TIA-1 to visualize SGs; and rabbit antibodies against eIF4G, eIF4E, or eIF3 to visualize translation initiation factors. Mock-infected cells and SA-treated cells were used as negative and positive controls for SG formation (data not shown). The SG effecter protein TIAR (or TIA-1) colocalized in independent experiments with eIF3 (Fig. 3 , first and second rows), eIF4G (Fig. 3 , third row), and eIF4E (Fig. 3, fourth row) in the granules that formed in MRV-infected cells. As a negative control for SGs, we examined the localization of DCP1a, a marker for processing bodies (26) , and found that this protein did not localize in the structures induced by MRV infection and was found instead in small separate structures that are likely processing bodies (Fig. 3, fifth row) . These results indicate that MRV-induced SGs are structurally similar to those induced by inhibition of protein translation initiation and eIF2␣ phosphorylation.
Viral uncoating is required for MRV induction of SGs. To unravel the steps in MRV infection that are necessary for induction of SGs, we examined the effects of previously described pharmaceutical inhibitors of viral uncoating (ammonium chloride and E-64) on the ability of MRV infection to induce SGs. It has previously been shown that these drugs are able to block viral uncoating by changing the pH of endosomes (ammonium chloride) or blocking endosomal protease activity (E-64) (5, 49) . HeLa cells were pretreated with 2 mM ammonium chloride or 2 mM E-64 for 4 h preceding infection. Following this incubation, cells were infected with T3D
C virions (1,000 PFU/cell), incubated for 1 h at room temperature, and then retreated with ammonium chloride or E-64 at the above-mentioned concentrations. At 4 h p.i. and 8 h p.i., cells were fixed and stained with antibodies to detect viral cores and SGs. In contrast to what was found for untreated, infected cells that contain both core particle staining and SGs (Fig. 4 , third row), neither core particle staining nor SGs were observed in the ammonium chloride-or E-64-treated, infected cells at 4 h p.i. (Fig. 4, first and second rows) . Control experiments indicate that neither ammonium chloride nor E-64 induces SGs or prevents SG formation induced by SA (Fig. 4 , fourth and fifth rows). At 8 h p.i., MRV virions were still unable to uncoat and induce SGs (data not shown). These results suggest that viral uncoating is required for SG induction.
UV-inactivated MRV virions induce SGs. In order to examine whether gene expression is involved in SG induction, we examined the ability of UV-inactivated virions to induce SGs. T3D C virions were inactivated by UV light treatment as described in Materials and Methods. HeLa cells were infected with untreated T3D C virions or UV-treated T3D C virions, and at 0, 2, 4, 6, 12, and 24 h p.i., cells were fixed and immunostained to detect viral core particles and SGs. We found that similar to untreated virions (Fig. 5A, first row) , UV-inactivated virions were able to enter cells and to induce SGs (Fig. 5A,  second row) . Additionally, we quantified the number of SGs that were induced by active versus inactive viruses over time (Fig. 5B) . Interestingly, UV-inactivated virions induced higher percentages of SG-containing cells throughout MRV infection than viable MRV-infected cells (Fig. 5B) . In fact, by 12 h p.i., less than 5% of cells infected with active MRV contained SGs, whereas nearly 40% of cells infected with UV-inactivated virus still contained SGs at this time. By 24 h p.i., no actively infected cells contained SGs, while 20% of cells infected with UVinactivated MRV still contained SGs. These results suggest that SG induction is mainly due to viral entry events. Moreover, because cells containing SGs appear to rapidly decrease as viral mRNA is transcribed and translated in actively infected C virions at 1,000 PFU/cell and incubated for 1 h at room temperature, at which point cells were retreated with puromycin at the above-mentioned concentration. At 10 h p.i., cells were fixed and stained with antibodies to detect viral cores and SGs. In untreated, infected cells at 10 h p.i., rabbit anti-core antiserum stained VFs, and only 2.2% of infected cells formed SGs (Fig. 6A , first row), confirming our previous observations that SGs dissipate as MRV infection proceeds. In puromycin-treated, infected cells, no VFs were present as a result of puromycin translation inhibition, however, 88.3% of cells contained SGs (Fig. 6A , second row) at this time. In uninfected, puromycin-treated cells, only 2.5% of cells formed SGs (Fig. 6A, third row, left) . Similar to previously reported data (50), puromycin treatment did not prevent SA induction of SGs, and 99.0% of SA-treated FIG. 3 . MRV-induced SGs contain translation initiation factors eIF3, eIF4G, and eIF4E but not P body component DCP1a. HeLa cells were infected with T1L ISVPs (1,000 PFU/cell) for 2 h and then fixed and immunostained with mouse anti-2 monoclonal antibody 7F4 (Core) (left column); goat anti-TIA-1 or goat anti-TIAR antibodies (second column); and rabbit anti-eIF3, eIF4G, and eIF4E antibodies or DCP1a antisera (third column); followed by Alexa 594-conjugated donkey anti-mouse IgG, Alexa 488-conjugated donkey anti-goat IgG, and Alexa 350-conjugated donkey anti-rabbit IgG. Merged images are shown in the right column. Scale bars ϭ 10 m. cells contained SGs (Fig. 6A, third row, right) . Immunoblots against MRV nonstructural protein NS confirmed no MRV protein synthesis in the puromycin-treated, infected cells at 10 h p.i., while untreated cells contained significant levels of NS synthesis (Fig. 6B) . These results suggest that viral translation is not required for MRV induction of SGs. They further suggest, similar to our results with UV-treated virions, that when viral protein synthesis is inhibited, the SGs that form in response to MRV infection are not disrupted. This again implicates a role for MRV protein expression in SG disruption as viral infection proceeds from early to late times. eIF2␣ phosphorylation correlates with, and is required for, MRV induction of SGs. Many lines of evidence suggest that eIF2␣ phosphorylation is sufficient to induce SGs (29); however, a number of drugs and small molecules that can induce SGs independently of eIF2␣ phosphorylation have been described (38) . These include the small molecule NSC119893, which inhibits the interaction between eIF2␣ and Met-tRNA C virions (1,000 PFU/ cell). At 4 h p.i., cells were fixed and immunostained with rabbit anti-MRV core polyclonal antisera (first, second, and third rows, left column) and goat anti-TIAR polyclonal antibodies (first, second, and third rows, right column), followed by Alexa 594-conjugated donkey anti-rabbit IgG and Alexa 488-conjugated donkey anti-goat IgG. Uninfected HeLa cells were treated with 2 mM ammonium chloride (fourth row) or 2 mM E-64 (fifth row), incubated (fourth and fifth rows, left column) or additionally treated for 1 h with 0.5 mM SA (fourth and fifth rows, right column), and then fixed and stained with goat anti-TIAR polyclonal antibodies followed by Alexa 594-conjugated donkey anti-rabbit IgG. Scale bars ϭ 10 m. (38) , and the drugs pateamine (15) and 15D-PGJ2 (28), which bind and inhibit translation initiation factor eIF4A. To determine if MRV induction of SGs correlates with phosphorylation of eIF2␣, we examined the relative levels of phosphorylated eIF2␣ compared to total cellular eIF2␣ during MRV infection at times in which SGs were present. HeLa cells were infected with untreated or UV-treated T3D C virions, and at 0, 2, 4, and 6 h p.i., samples were collected. Proteins were separated by SDS-PAGE, transferred to nitrocellulose, and probed with antibodies against MRV nonstructural protein NS, total eIF2␣, and phosphorylated eIF2␣ (Fig. 7A) . These experiments show that the levels of phosphorylated eIF2␣ increase in both active virus-infected cells (Fig. 7A, left panel) and UVinactivated virus-infected cells (Fig. 7A, right panel) at times when SGs are routinely found in MRV-infected cells. This suggests MRV-induced SG formation may occur as a result of eIF2␣ phosphorylation.
In order to examine whether phosphorylation of eIF2␣ is required for MRV induction of SGs, we utilized a cell line, MEF S51A/S51A , in which the eIF2␣ gene is genetically altered such that the serine residue at amino acid 51 is changed to an alanine. This results in loss of the phosphorylation event that is necessary to inhibit ternary complex formation (46) . MEF S51A/S51A cells are unable to form SGs C virions (1,000 PFU/cell) for 1 h. New medium containing 0.1 mg/ml puromycin was added to cells following infection (second row). At 10 h p.i., cells were fixed and immunostained with rabbit anti-MRV core polyclonal antisera (first and second rows, left column) and goat anti-TIAR polyclonal antibodies (first and second rows, right column), followed by Alexa 594-conjugated donkey anti-rabbit IgG and Alexa 488-conjugated donkey anti-goat IgG. Uninfected HeLa cells were treated with 0.1 mg/ml puromycin (third row, left and right columns), incubated (left column) or treated with 0.5 mM SA for 1 h (right column) after 9 h puromycin treatment, and then fixed and stained with goat anti-TIAR polyclonal antibodies followed by Alexa 488-conjugated donkey anti-goat IgG. Following immunostaining, the percentage of infected cells containing SGs (first and second rows) or total cells containing SGs (third row) was quantified as described in Materials and Methods. Percentages of SGcontaining cells are indicated. Scale bars ϭ 10 m. (B) HeLa cells were infected with MRV T3D C virions (1,000 PFU/cell) with or without 0.1 mg/ml puromycin (Pm) as indicated, and at 4 and 10 h p.i., cells were lysed, and proteins were separated by SDS-PAGE, followed by immunoblotting using anti-NS polyclonal antiserum or anti-␤-actin polyclonal antibodies. Proteins were detected using HRP-conjugated goat anti-rabbit IgG, followed by chemiluminescence imaging.
FIG. 7. eIF2␣ phosphorylation correlates with, and is required for, MRV induction of SGs. (A) HeLa cells were infected with untreated or UV-inactivated T3D
C virions (1,000 PFU/cell), and cells were harvested at 0, 2, 4, and 6 h p.i. Following cell lysis, proteins were separated by SDS-PAGE and immunoblotted using rabbit anti-NS polyclonal antiserum, rabbit anti-eIF2␣ polyclonal antibodies, and rabbit anti-phospho-eIF2␣ polyclonal antibodies. Proteins were detected and quantified using HRP-conjugated goat anti-rabbit antibodies, followed by chemiluminescence imaging. Levels of phosphorylated eIF2␣ relative to total eIF2␣ at each time point were calculated and normalized to the level seen at time zero and are indicated below the panel for following SA treatment, which activates eIF2␣ phosphorylation through HRI, but are able to form SGs following treatment with NSC11893 (38), pateamine A (15), or 15D-pGJ2 (28) . Wild-type MEF S51S/S51S and mutant MEF S51A/S51A cells were infected with ISVPs (T1L, T2J, or T3D C ) or virions (T2J or T3D C ) at 1,000 PFU/cell. At 2 h p.i. or 4 h p.i., cells were fixed and stained for immunofluorescence with antiserum against MRV cores to visualize infected cells and with antibodies against TIAR to visualize SGs. In these experiments, although we counted various numbers of SG-containing cells in infected wild-type MEF S51S/S51S cells (ranging from 13% to 54%, depending on virus strain and particle type used), we did not detect any infected cells containing SGs in the mutant MEF S51A/S51A cells (Fig. 7B and data not shown) . These findings suggest that SG induction by MRV occurs through a pathway that requires eIF2␣ phosphorylation.
At least two eIF2␣ kinases are involved in MRV induction of SGs. Because our data suggested that eIF2␣ phosphorylation is required for SG formation at early times in infection, we were interested in further identifying the cellular pathway involved in MRV induction of SGs. Four kinases that phosphorylate eIF2␣ in response to different cellular stresses have been identified. These include PKR, which is activated by viral infection; PERK, which is activated by protein misfolding in the endoplasmic reticulum; GCN, which is activated by nutrient deprivation; and HRI, which is activated by oxidative stress (reviewed in reference 3). We utilized a knockout cell line for each of the four eIF2␣ kinases (PKR Ϫ/Ϫ , PERK Ϫ/Ϫ , HRI Ϫ/Ϫ , and GCN Ϫ/Ϫ ) to determine if knockout of any individual stress kinase results in loss of SG formation following MRV infection. Each cell line was infected with T3D C at 1,000 PFU/cell, and at 4 h p.i., cells were fixed and immunostained to visualize viral cores and SGs. We found that each individual knockout cell line was able to form SGs in response to MRV infection with 36.5% GCN Ϫ/Ϫ cells, 40.1% PERK Ϫ/Ϫ cells, 19.1% PKR Ϫ/Ϫ cells, and 13.2% HRI Ϫ/Ϫ cells containing SGs (Fig. 8,  left and middle columns) . Only a few cells contained SGs in these cell lines when they were mock infected (Fig. 8, right  column) . These results indicate that at least two eIF2␣ kinases can be activated to phosphorylate eIF2␣ by MRV infection at 
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on December 22, 2017 by guest http://jvi.asm.org/ early times p.i. and suggest that the signaling pathway leading to SG induction by MRV infection is more complex than activation of a single eIF2␣ kinase. Viral core particles are recruited to SGs in a transcriptiondependent manner. In our study, we found that in MRVinfected, SG-containing cells, a portion of viral core particles localized to SGs at early times p.i. (Fig. 1, 2, 3, 4 , 5, 6, 7, and 8). This colocalization was variable depending on cell type and experiment; however, in each experiment, core particles were visualized in SGs. In order to confirm these findings, we examined MRV core and SG localization by using confocal microscopy. HeLa cells were infected with T1L ISVPs, and at 2 h p.i., cells were fixed and stained with antibodies against MRV cores and TIAR to visualize core particle localization relative to SGs. Confocal images confirmed that many, but not all, viral core particles are intensely localized in SGs induced by MRV (Fig. 9A) . To determine whether gene expression is necessary for the localization of viral cores to SGs, we examined the localization of viral core particles in UV-inactivated, infected cells and puromycin-treated, infected cells. UV irradiation is expected to prevent viral transcription (and in our studies, we found no evidence of protein translation or replication following UV treatment of particles) (Fig. 7A and data not shown) . Puromycin is not expected to prevent viral transcription but is expected to prevent viral translation (and in our studies, we did not detect viral protein translation following puromycin treatment) (Fig. 6B) (31) . In these experiments, we found that in cells infected with UV-inactivated viruses, no viral core particles colocalized in SGs (Fig. 9B) . However, in the puromycintreated, infected cells, although not all viral core particles localized to SGs, by 10 h p.i, almost all cells formed SGs which contained viral core particles (Fig. 9C) . These findings suggest that the localization of viral core particles to SGs may be mediated by newly synthesized viral mRNA. The absence of complete colocalization of core particles with SGs is likely a result of two issues. First, virion preparations always contain a portion of viral particles defective in viral transcription, and second, some cores are likely not actively synthesizing viral mRNA at the moment when cells were fixed for immunostaining. While viral core particles may be targeted to SGs via viral mRNA, it has yet to be determined whether viral mRNA, like cellular mRNA, is translationally silent when cores are sequestered in SGs. and smaller SGs, and vice versa (2) . In these studies, we also found that the number of cells containing MRV-induced SGs is dependent on the levels of core particle entry into the cytoplasm. ISVPs from all prototype viral strains were able to induce SG formation in a dose-dependent manner, with increasing numbers of PFU/cell resulting in increasing numbers of SG-containing cells. In fact, with the use of ISVPs, a significant number of SGs could be induced at 10 PFU/cell (Fig. 2B) . It is important to note that our experiments quantifying numbers of SG-containing, infected cells are complicated by the fact that viral infection and SG formation are both dynamic processes. Because cells and viral infections are not synchronized in these experiments, fixation for immunofluorescence represents only a snapshot of a population of cells at one moment in time. It is likely that infected cells will be at different stages of these dynamic processes at this moment and that the percentage of cells in which MRV induces SGs is much higher than what is indicated in these experiments. In fact, we found that when MRV gene expression was inhibited by UV inactivation (Fig. 5) or by puromycin treatment (Fig. 6) , much higher percentages of SG-containing infected cells were observed in these assays. MRV produces 200 to 3,000 PFU in each infected cell (40) . All of these viruses are likely released simultaneously into the surrounding cellular matrix by cell lysis, making it likely that the conditions used in our experiments are biologically relevant.
SG induction by MRV requires viral uncoating but not viral gene transcription and translation. Previous studies showed that MRV infection induces phosphorylation of eIF2␣ at late times p.i., likely through activation of PKR kinase during viral replication, resulting in SG formation (47) . However, in our study, we tested several cell lines (HeLa, L929, MEF, CV-1, Cos-7, and DU-145) and found that no SGs formed in cells containing the large, perinuclear VFs that form in infected cells at late times in infection (12 to 24 h p.i.). We consistently visualized a small percentage of SG-containing, infected cells expressing very low levels of viral protein when we examined SGs at late times p.i. (Fig. 5B and 6A ; also Q. Qin and C. L. Miller, unpublished data). These findings suggest that as MRV infection continues, MRV-induced SGs are dispersed. We cannot fully explain the difference in our data from the published report indicating that MRV-infected cells contain SGs at late times p.i. We have tested more than 10 cell lines (this study and data not shown), and the presence of SGs at early, but not late, times in MRV infection does not appear to be cell type specific. Moreover, while we have demonstrated that the induction of SGs following MRV infection is dependent on number of PFU/cell, the absence of SGs in cells at late times in infection is not dependent on number of PFU/cell, as cells expressing high levels of MRV protein following infection with 1, 10, 100, or 1,000 PFU/cell also do not contain SGs at later times p.i. (Fig. 5B and 6A and data not shown). It is also interesting that a recent report has shown that the highly related rotavirus also does not contain SGs at late times in infection, even though eIF2␣ is phosphorylated at these times (39) .
In order to understand the mechanism of SG induction by MRV, we chose some well-defined pharmaceutical inhibitors to block specific steps of viral infection to identify which step is required for SG induction. We found that viral uncoating is required for SG formation on the basis of the fact that treatment of cells with ammonium chloride and E-64, which inhibit the cleavage and subsequent conformation changes of outer capsid proteins (3 and 1) in the endosome, prevents the formation of SGs following MRV infection (Fig. 4) . We also found that viral transcription and translation are not required for SG formation on the basis of the facts that UV-inactivated MRV virions and ISVPs still retain their ability to induce SGs (Fig. 5A ) and cells treated with puromycin are still able to form SGs (Fig. 6A) even though viral translation is completely inhibited. These findings suggest that MRV induction of SGs is mainly dependent on viral entry and precedes viral protein synthesis and replication.
Phosphorylation of eIF2␣ is a key factor for SG formation in response to MRV infection during viral entry. SG formation is a complicated process, and the mechanism involved in the formation and dispersal of these structures is poorly understood. Formation of SGs can be induced by phosphorylation of eIF2␣ (3), inhibiting the formation of ternary complex (eIF2-GTP-tRNA i Met ) or interfering with translation initiation factors (eIF4A [15] , eIF4B, eIF4H, or PABP [38] ). Phosphorylation of eIF2␣ appears to play an important role in SG induction by some but not all viruses (18, 34) . This is not surprising, given the fact that many viruses activate PKR, including alphavirus (52) , reovirus (47) , rotavirus (39) , and influenza viruses (22) . Herpes simplex virus 1 activates PERK as well as PKR (13) . Activated PKR or PERK phosphorylates eIF2␣ on Ser 51, which leads to the failure of ternary complex formation (eIF2-GTP-tRNA i Met ), leading to SG formation (25) . Our data show that phosphorylation of eIF2␣ is required for SG formation following MRV infection (Fig. 7) . However, PKR does not appear to be the only kinase that phosphorylates eIF2␣ during MRV infection. We found that MRV infection induces SGs in a PKR Ϫ/Ϫ cell line as well as other eIF2␣ kinase knockout cell lines (GCN Ϫ/Ϫ , PERK Ϫ/Ϫ , and HRI Ϫ/Ϫ ) (Fig. 8) . We speculate, based on this data, that MRV infection can induce eIF2␣ phosphorylation through a number of pathways. It has previously been shown that MRV infection activates the unfolded protein response, which involves PERK (47), raising the possibility that both PKR and PERK may play a role in MRV induction of SGs.
The recruitment of viral cores in SGs may be a consequence of pathogen-host coevolution. During MRV-induced SG formation, we observed many viral core particles localized in SGs (Fig. 9A) . Our data suggest viral mRNA transcription is necessary for core localization to SGs. How newly synthesized viral mRNA might mediate core particle localization to SGs is unknown. Following the release of core particles into the cytoplasm, they do not further disassemble (56) . Viral core particles directly transcribe viral mRNA from within the core, and newly synthesized viral mRNA is released from 2-formed turrets as mRNA synthesis proceeds (56) . We propose that the process of SG formation is triggered as a result of phosphorylation of eIF2␣ during viral entry. It is possible that during SG assembly, some major component(s) of SGs, such as TIAR, TIA-1 (27) , G3BP (51), FMRP (16), or Stau 1 (50) , plays a role in sequestering viral mRNA and its associated core particles into SGs. SGs sequester and translationally silence mRNA. Some stress-induced transcripts, such as ATF4, GCN4, and Hsp70, are selectively translated when SGs are present in cells (24) , although the molecular features that distinguish between (Fig. 5B and 6A , first panel, and data not shown), suggesting that SGs are disassembled as infection proceeds. It is unlikely that the dissolution of SGs seen in MRV-infected cells relieves the host cell translation shutoff seen following infection with some strains of MRV, because in our experiments, SGs were absent at late times p.i. in cells infected with both viral strains that induce host translational shutoff (T2J) and those that do not induce host cell translational shutoff (T3D C ). However, SG disruption may be necessary for synthesis of viral protein in the translational shutoff environment. MRV induction and disruption of SGs and subsequent escape from the translation inhibition that is a consequence of this induction could be the consequence of coevolution between MRV and the host cell.
SGs and MRV factories. SG formation depends on the microtubule network (23) . The deacetylase HDAC6 was proposed to coordinate the formation of SGs by mediating the motor protein-driven movement of SG components along microtubules (30) . During MRV infection, the viral core protein, 2, and the VF structural matrix protein, NS, are associated with the microtubule network. While the association of 2 with microtubules plays a role in VF morphology, the association of NS with microtubules appears to be important for the development of MRV factories from small structures scattered throughout the cytoplasm to larger perinuclear structures (10, 43) . MRV core particles are embedded in microtubule-associated VFs (4, 8) and associate with NS, both in vitro and in vivo (9, 10) . The fact that NS binds to viral cores and uses the microtubule network to facilitate VF formation, coupled with our findings that viral core particles colocalize with microtubule-associated SGs at very early times p.i., suggests that there may be a link between SGs and VF formation. The possibility that MRV VFs may nucleate around core-containing MRVinduced SGs through interactions between NS, viral cores, and the microtubule network will be interesting to examine in future studies.
